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3
o

BIOLOGICAL EFFECTS
OF RADIO-FREQUENCY FIELDS

'"

3.1 GENERAL

o Radio-frequenc}' (RF) electromagnetic en­
ergies may affect a number of systems, organs,
and functions, as compiled in Table 3-I. These
biologic effects have been the topic of a num­
ber of worthwhile reviews over the last few
years (Michaelson 1971, 1974, 1980, 1982a,
1982b, 1986, 1991: Sliney and Conover 1975:
Cleary 1977; Lin 1979; Heynick and Polson
1983: Michaelson and Lin 19R7; Osepehuk
19R3; Petersen 19R1: Eltler and Cahill 1984;
Curtis and Nichols 1983; ILO 1985: Polk and
Postow 198(,; NCRP 198(" 1988; Heynick
1987; Beers 1989; Elder et al. 1989; Gandhi
1991; Saunders, Sienkiewicz, and Kowalczuk
1991a, 1991b; Wilkening 1991; WHO 1993).
Because there have been so many recent re­
views, this chapter does not give a com­
prehensive treatment of this topic but places
emphasis on long-tenn studies, certain ner­
vous system effects, reproductive effects, and
cancer in test animals, while epidemiology,
clinical srodies, and incidents will be our focus
for human beings.

55

The smdies selected for indusion in this
review fall into the following categories. (1)
Studies or avenues of research imponant in
the estahlishment of the present human­
exposure criteria, such as effects on animal
behavior. (2) Studies that may assist the health
professional in answering inquiries from con­
cerned individuals, such as questions dealing
with reproductive and developmental effects.
0) Srudies that illustrate specific points of
interest or controversy, or demonstrate the
complex nature of an avenue of research, such
as in vitro studies of calcium efflux.

While reviewing this infomlation, it is
imponant to keep in perspective that a hio­
logic effect does not necessarily equate to an
effect that is hazardous to health. For exam­
ple, exposure of test animals with microwaves
<MW) may calLse concentrations of cenain
biochemicals to fluctuate within nonnal
homeostatic limits but without any functional
impainnent in nonnal processes. Also, the bio­
logic significance of an dTect may not be
understood well enough to establish it a.s pa­
tentially hazardous. Although this does not
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T.bIe 3-1. Systems Involved in RF-Induced
Biologic Effects

Special senses
Central nervous
Neuroendocrine
Reproductive and

developmenllli
Hematopoietic
Immunologic

rule out the possibility of the effect ultimately
beinlt found adverse. conversely it does not
prm'ide proof that the effect is detrimental.

3.2 NONTHERMAL
EFFECTS

As discussed in the preceding chapter, the
recognized mechanisms of interaction produce
thermal effects following absorption of RF
energy by ionic, molecular, and/or cellular
structures. This energy is dissipated as heat
that increases body temperature. Simply, the
body's thennophysiologic response includes
increased blood flow, vasodilation, and an in­
creased sweat rate. Some bioeffects that are
thermal include neuroendocrine effects, ter­
atogenic effects, testicular effects, and cataract
formation.

According 10 Schwan (1992), questions
about thennal versus nonthermal effects were
raised in the 1930s during the development of
short-wave diathermy. Since that time, there
have been few answers in the area of nonther­
mal effects, and there has been an ongoing
controversy dealing with the existence of in­
teraction mechanisms that produce athermal
or nonthermal effects. AthermaI effects have
been defined by Elder (t987) as physiologic
changes in which the core body temperature is
not elevated, but a quantity of energy is a~
sorbed sufficient to activate thermoregulatory
receptors and cause a physiologic response.
Athermal effects include immune and en­
docrine effects stimulated by exposure to low­
intensity RF.

1lJuli.-F,.ef"n"7 .". ELF Eltctro"'.petic E""lit1

Nonthermal ef£eas are responses due to
low 1eftIs ofaposure that cause no lipificant
thermal input and, hence, no sipifiant
chanse in body telDperltWe (Elder 1987).
Sugated nonthermal effects include elee­
troencephafosraphic changes, effects on cellu­
lar membrane potentials, field-force effects,
and calcium flux in brain tissues.

Electric-field-force effects include pearl­
cham formation, orientation of asymmetric
particles, movement of panicles in inhomoge­
neous fields, and defonnation, destruction, fu­
sion, and rotation of cells (Teixeira-Pinto
et al. 1960; Saito and Schwan 1961; Schwan
1971, 1982, 1987; Michaelson 1985). These
effects have been observed in in vitro experi­
ments where the E field interacts with polar
or nonpolar structures and produces an orient­
ing ef1b:t. Pearl~chain effects have been o~

served in a number of cells including leuko­
cytes, erythrocytes, and bacteria (Johnson and
Guy 1972; Schwan 1982). Simply, the pearl­
chain phenomenon refers to the alignment of
cells or panicles with one another in the di­
rection of the imposed E field (Presman 1970).
Other postulated nonthermal effects include
milJitneW' wave effects and membrane inter­
actions (Schwan 1971; Barnes and Hu 1977;
Taylor 1981; Michaelson 1985; Motzkin
1987).

In 1986, the National Research Council
convened a select panel of scientists, who were
not involved in the debate collcerning thennal
and nomhemlal effects, 10 review that lopic.
The panel concluded the f"""will!!:

Bioeleetromagnetics research has produced
abundam reports of a wide variety of indi­
vidual biological responses to low-level nOn­
ionizing radiation. At least three mechanis­
tic biophysical theories have been offered to
explain how non-thermal interactions could
develop. However, the connections among
the various experimental findings and the
theoretical constructs do not yet lead to a
comprehensive conceptual structure for the
reponed phenomena sufficient to enable an
evaluation of the significance of the theories
(National Research Council 1986).

BioIefja/ F/J«tl of RAdio-FrrpmeJ Fitlds

3.3 ANIMAL snJDIES

To be included here, studies had to report
important exposure parameters, such as the
SAR, &equency, exposure duration, and radia­
tion intensity. In some cases SAR was not
reported, but sufficient infonnation was avail­
able to allow its estimation. Estimates were
made using various editions of the RAdiofre­
fUrn&] 1UItJi4ti(J1/ Dos;",my Handbook (johnson
et al. 1976; Durney et aI. 1978; Durney,
Massoudi, and !sbnder 1986). In some cases,
SAR estimates made by the EPA in Biological
F/J«ts of RAdi0j7"t'l"mcy Radiation were utili7.ed
(Elder and Cahill 1984).

Results from animal studies form the basis
of the human-exposure standards presently in
use in the United States and throughout much
of the world. Animals that have been used in
studies include rats, mice, guinea pigs, cats,
dogs, rabbits, hamsters, monkeys, birds, and
arthropods, with rodents being the species
most frequently used. Although there are many
good reasons to use rodents (relatively inex­
pensive, easy to handle, and thorough biologic
characterization), they have a number of
anatomical, physiological, metabolic, nutti­
tional, and behavioral dissimilarities when
compared with humans (Oser 1980. It is p0s­

sible that these differences may limit the util­
ity of the experimental data or complicate the
interpretation of the data. An anatomic differ­
ence that lllar han' ",me hearing on RF all­
sorption in rclllellls is that ther :tn' fllr hear­
mg. ,\ lore important. rodents do not sweat, a
major thcrmophysiolo/{ical coolin!! mecha­
nism in human being-;. (>Iwiously. this is a
point because the experiments are trying to

model an RF-induced thennal response in hu­
man being-; by extrapolation from the rodent.

Most studies were short term and evalu­
ated acute effects at a single frequency and a
single SAR. There have been relatively few
long-term experiments. Due to the complexity
and expense of these experiments, they have
been funded largely by the military and a few
government agencies. Although this has pro­
duced some high-quality studies, it has had
the effect of limiting the scope of the experi­
ments in regard to potential exposures re-
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ceived by many workers. As would be ex­
pected, studies funded by the military examine
specific &equencies associated with military
applications. Some studies, Jilte those of radar
workers, may have wider application than 0th­
ers. Quite a few studies have been performed
at 2450 MHz, and although a number of
short-term studies have been done at 27.12
MHz, no long-term experiments have been
reported at that frequency, which is an impor­
tant frequency in both industry and the public
sector. Few long-term experiments have been
performed that model exposure at frequencies
within the human whole-body resonance part
of the spectrum. This becomes important in
terms of the human exposure standards, which
are based largely on the results of short-term
experiments at relatively few &equencies.

RF biologic effects studies are complex
undertakings. In addition· to the retinue of
highly trained specialists who are required to
fannulate, implement, and evaluate animal
studies. RF studies require the involvement of
individuals with specialized dectrical or radia­
tion engineering expertise. Hence, ml1ch of
the data that have been generated in the areas
of dosimetry and bioeffects have come from
electrical or bioengineering departments at
major universities or from specialized research
anns of the federal government.

The studies also have some hardware re­
quirements that arc unique to studies with
physical agents. Figure .\-1 shows a shielded,
RF-anechoi(' chamher that is lIscd to expose a
sin!!le animal. It is equipped 10 study effeers of
short-term M\\' exposures on behavioral end
points and conlains a styrofoam restraining
chair to hoJJ monkeys. Styrofoam is used be­
cause il has a low relative permittlvi~' and will
exert a minimal influence on the RF fields.

Obviously, materials that influence or per­
turb the field cannot be used because they
affect the outcome of the experiment by modi­
fying the RF dosage by disturbing (perturb­
ing) the field. For example, cage design, mate­
rials of construction, and spacing between
cages are important considerations in RF bio­
effects research. Typically, cages are made
from materials that have nonperturbing char­
acteristics, such as plastics or glass. However,
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served that the exposed animals had signifi­
cant reductions in body weight; however, they
sugestlW that food and water were intro­
duced in a fashion that may have produced
electric shocIcs to the animals (Marino, Becker,
and Ullrich 1976). It was noted by Bridges
and Preache (1980 that these "results could
have been gready influenced by the presence
of this spark discharge." When the experi­
ment was performed in a manner that con­
trolled the potential for spark discharge, the
influence on body weight was not observed
(Marino et al. 1980). To avoid potential prob­
lems, some researchers have withheld food
and water from both exposed and control
groups during the irradiation period, although
this may produce a weight reduction in the
animals (Lary, Conover, and Johnson 1983).
Other researchers have located water and food
in the comer of the cage farthest from the
radiation source to minimize perturhations
(Bonasera, Toler, and Popovic 1988).

In some cases, the animals may require
anesthesia or restraint so that a specific
anatomic: region may ~ive lotlIl ellpOKure. It
is posslblo thlt the usc of In.theai. Or re­
straint may modify the RF dosage or the
measured response of the animal. For exam­
ple. workers for NIOSH found that restraint
and use of a rectal temperature probe elevated
the measured temperature in the control ani­
mals 0.5·e during a half-hour period (Lary
et a!. 1982). Lai et al. (1987) have reviewed
combined effects of RF with some anesthetics,
while Williams et al. (1984) observed that
anesthetics used in some experiments designed
to evaluate permeability changes of the
blood-hrain harrier mar have heen an interfer­
ence.

The general lahoratory e",ironment may
also have an effect on the outcome of an
experiment. For example, EPA researchers
fOllild that when the ambient temperature was
raised from 20 to 30·e, the estimated power
density necessary to achieve the LD.o /24 h
was cut in half (Berman et al. 1985).

In studies of developmental effects, it was
found that handling techniques affected ma­
ternal weight gain (Nawrot, McRee, and
Staples 1980 and fetal weights (Nawrot,
McRee, and Galvin 1985). To minimil.e po-

plastics may still pertUrb the field (Lin, Hassen,
and Wu 1977), .tthou,h when an animal is
introduced into the cage, the overall SAR may
not be gready cIIanpI. Ho (1978) explained
"that while the Plexiglas holder alone can set
up a large standing wave, the presence of the
animal, which is highly lossy dielectric mate­
rial, reduces the influence of the Plexiglass
holder." Material thiclrness must be con­
trolled, because for a given material it has
been shown that pertUrbations increase with
thiclrness (Lin, Bassen, '\'u 1977; Ho 1978).

Spacing between conductive ohjects, like
cages or animal hodies, may be important
because of possible reflections. This has led to
criticism of studies that use so-called gang
exposure techniques, because the dosimetry is
usually defined for one animal, and many are
exposed in dose proximity. However, Berman
et al. (1985) found no difference in the
LDso /24 h in test mice whether they were
exposed singly or in groups of 16. Neverthe­
less, most modem research attempts to mini­
mize mutual coupling between animals. This
is achieved by buildin, a radiation chamber
for etch animal (Guy et al. 1980) or by locat­
ing the cages at an optimum spacing distance
that will minimize intercage scattering
(Bonasera, Toler. and Popovic 1988) .

The size of the cage may affect the experi­
ment, as evidenced by a study of the potential
for MW radiation to act as a tumor promoter.
Four groups of animals were used, high- and
low-M\V dose, and two nonexposed groups.
Of the control groups, one was a sham­
exposed group, while the other was treated
similarly hut housed in smaller cages. This
"chronic confinement stress" group consis­
tently developed cancer more quickly than the
low MW-dose group but not as rapidl}" as the
high-dose group (Szmigielgski et al. 1982).
Although the vehicle was a small cage. the
mechanism probably involved a generalized
stress reaction due to neuroendocrine com­
promise.

Special provisions must be made for water
and food provided during the experiment, so
that containers do not influence the field. The
reasons for taking these precautions are well
illustrated by a multigenerational experiment
performed at 60 Hz. The researchers ob-
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The results of Ioog-tenn studies are compiled
in Table 3-2. Oac of the ear1iest studies. by
Prausnitz and Susskind (1962), found no dit­
fercnees in body weights of mice, but the
controls had a higher death rate than the
exposed animals. The authors spec:ulate that
this could be due to the MW-induced thermal
stress (average 3.3"C reetaI temperature rise
during exposure), essentially I. fever, which
may have heJped the exposed animals combat
a pneumonia outbreak that occurred during
the experiment. Exposed animals, ahibiled I

greater incidence of testicular degeneration
and of leuJcosis and Jeukemia.

Spalding, Freyman, and Holland (1971)
exposed mice inside a waveguide where the E
field was perpendicular to the long dimension
of the waveguide. Except for white-blood ceU
(WBC) count, bloodbome parameters in the
control group showed a decreasing trend. In a
comparison of paired differences between the
groups, voluntary activity and bloodborne pa­
rameters were not significantly dift'eratt. The
exposed mice lived an average lof 19. days
longer than the control mice, although this
was not statistically significant.

Rats were exposed to electromagnetic
pulses (FMP) where PRF - S Hz, rise time
was S ns, and fall time - SSO os; 250 million
pulses were deJivered during me aperi­
ment, with the peak E-field strength equal to

T.... J-1. toa,-Term SbIdieI

A-.p
~

• =-' SAIl. ~.
~

~ '(W/IIP 6aW/ca2) "'x.... E&c:a ~

~·i;.~\.:r '; ~,'.,: .., :'100 29Sx4.5 Tellicular P.....-aDCI
,.f !p" I ; ........ s-aad,I.,. ', .. '.' . ud1eahJlil 1962. I '" or1eabmia

in ezpoICd
mice; higher
death rate in
controls

Mice 800 1.3"· 43 175xl20 Eaposed Spalding,
(female) mice lived Freyawt,ud

a9'el'lpof HoUandI971
19 d longer

Rats EMP NR See 658x1380 No Baumetal.
text differences 1976

Rlaud 50 NR See 120x600 Deaased o.-.Irij
rabbits tat or sulfhydryl ladSandala

lSooud 120x 720 levelsud 1974
10,000 120x480 dloIinatJeme,

~

17-ketosteroid
levels

Rats 2450 1.23::t:0.25 S SO x 480 Sipifiant D'Andna
(male) CW difti:rence eta!. 1979

iii ae:tMtY

Rats 2450 0.14 0.5 9Ox420 Differences D'Andna
(male) CW in 2/4 eta\. 1986a

bebIIvionl
measures

RIa 2450 0.7' 2.5 9Ox420 No D'Aodrea
(male) CW differences in et a\. 1986b

ph~
end points;
significant
differences in
behnioral
end points

Rabbits 2450 1.2 to 2.2 10±3 40 x 4SO Changes in Ferri and
(sex not CW to RBCcount Hagan
specified) 85x4SO and dietaty 1977

habits

Rabbits 2450 l.S'·' 7 lSOx 161 Reduced GuyetaJ.
CW 17 (head) 10 eosiDopbils 1980

and WBC count

Rats 2400 2" 5 9Ox60 No Djordjevic,
(male) CW differences Lazareftc,

in udDjobwic:
hematologic 1977
measures and
organs

. .. ~ ~ n,.. J '1-"
Long-Term Studies

f.

3.3.1

60
l' , " .
RMi..Fr~f,",",IIU ELF Eknr...p~litE.trJits

, ."; '. .it'; If; ,. " . .

tatial... Cl"IIIpIQrions _:.to.
l

'. ',.. r·.·..·~. 1147.;jt:Y/rat,'.IJ2.0.1DIIe.-. 2..0 femIIe nil wei'!~ iDdudelll tioo period iDllbe !;"apo.d.:~ _ ideDcical aumIler ..
_"' ...... doe .....,..;~.....~ ,
~....tbeir~,....=. :' ::~-;;.-\ .~~~,....~~,L-\..In. '. ' .....,..... ". . ~. i:.III ,,~~.,.\,...~ ."
pi"bIoodIJome.~ poili~, iaimIJs;·-.,f,be .... .".' IIeCIOpIy .

ann....... then aIJq.ed to ..... (AnnuJa.. 976). ,1.I.p I". !'4 . r' if I. !., .• ' t ii '11'
bOIl tIIows blood collection duriJig,the study ". Dumanskij _ SmdaIa (1974) studied me
without performing stressful invasive tech- efI'ects of SO-MHz UHF ndiatiOIl (0.0006-
niques It each colJectiOll period. To minimize 10 ",W/anZ) 'on white rats and rabbits, and
potential stress-induced e«ms due to ban- 2.5-GHz SHF radiatiOll OIl rabbits (O.S..,
dling prior to sample c:oIlec:tioo,. resean:ben 10 ",W/mi). Radar ClIpOIlU'C WII Pmnlaled
may c:01lect blood samples after. teIt~animaIs It 10 GHz (width -1 ".., PRE - 20 IDd 1000
expcrienc:e I brief IdaptatiOll period in I sam- Hz) and I, 5. and 10 ",W/em). Baseline mea-
piing box (Toler et aI. 1988). lUlU were determined prior to apoeure of

me UHF poup. ...hic:b had DO controls. He.
IUIts Ihond blood cboIesaaol ad suIfbydryl
IeveJs dcaeaIed tbrouPout the apcrimeat.
while 17~ in the uriDc inaeaaed.
This latter effect, _ iacreMe in 17-bco-
steroid levels. could possibly be due to mxJI"o

err· of the IDimaIs &om me straI of. I ....

eavimnmeat since. appuendy, IDimaIs were
not allowed to adapt before eqx.ue.

Re&cardaen at the Uniftnity of Utah
were UDIb1eto replicate the fiadinp of
DamansIdj and SaDdaIa (D'Andrea et aI. 1979.
1986a, 1986b). Adult, Long-&aas rats were
allowed 4 weeks to adapt to experimental COD­

ditions. then were randomly divided into CK­

poeed ad coatrola. Significant increasa were
found in total sulthydryls It weeks 6 and 10.
In the study by Dumanskij and Sandala,
sulfbydryllevels deaeased. D'Andrea and c0l­
leagues (1979) conclude that "there is no sat­
isfactory expIanatiOll for these discrepant find­
ings or for the functional significance of this
parameter for the animal." Significant diHeJ-.
ences were found in red blood cells and white
blood cells for the week 6 sampling period.
but not for weeks 2, 10, or 14, which was
attribuled to umpIinr error 01' Wit an artifact.

In another stUdy, D'Andrea et aI. (l986a)
found no significant differences in body mass.
food and Wlter consumption, blood levels of
cholinesterase, and poststudy evaluations for
electrolyte levels, ion gaps, and COz' A differ.
ence WII observed in the levels of 17-keto­
steroid between exposed and cootroI groupI
during the adaptation period. which may be
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bcmos1obin, erythrocytes, leukocytes, neo­
trapIills, lymphocytes, and organ <-pIeen, liver,
heart, ,brain, and testicles) histoJogy.

EPA researchers exposed 20 gravid
Sprague-Dawley rats from day 6 of pregnancy
to parturition for 4 hId in a transverse deo­
tromagnetic (TEM) transmission line. There
were no significant differences in body weight,
although RF-treated pups were inclined to be
larger than sham-exposed animals. There were
no differences in RBC and wac counts,
hemoglobin and hematocrit, immunology,
mutagenesis (dominant-lethal test on spenn),
and neurologic development. Significant dif­
ferences were observed in eye opening, weight
of the medulla oblongata, and regional con­
centration of acetylcholinesterase (Smialowicz
et al. 1981). The effects on brain weight and
the enzyme appear to be transient in nature,
and they may represent nonnal biologic varia­
tion.

A lifetime study that evaluated an exten­
sive number of end points (155 parameters)
was perfonned at the University of Washing­
ton for the U.S. Air Force {Guy et al. 1983,
1985; Guy, Chou, and Neuhaus 1983; Chou,
Guy, and Johnson 1983; Johnson et al. 1983,
1984; Kunz et al. 1983, 1984, 1985; Chou
et at. 1992}. The study was designed to simu­
late, in male rats, chronic exposure of humans
at 450 MHz and 1 mW/cm2 (Guy et aI.
1983). One hundred Sprague-Dawley rats
were exposed with an equal number as con­
trols. Pulsed MW radiation (width -10 p.s,
PRF = 800 Hz) was square-wave modulated at
8Hz.

In 14 open-field assessments of behavior,
there were no differences between the groups,
except for a reduction in activity of the ex­
posed animals during the first session (Guy,
Chou, and Neuhaus 1983). Plasma cortico­
sterone (a stress indicator) levels were not
reliably affected. Levels were elevated during
the first of five sampling periods in the ex­
posed animals, while levels in the controls
were elevated during the third. At 13 months,
MW-exposed rats exhibited a stimulatory ef­
fect on the immune system as indicated by
statistically significant increases in splenic B
and T cells. There were no differences in T
and B cells at 25 months. Results at 13 months

·"i,f,

Bw.,;e.J Pjfias of~FrefW"9 FiJis
~~

["., ciao to stRss induced by handliDg and housing
':~1" ~tiODS., ~ClIDt ditreralces were ~
'~':' ............in· loe~ tellS, but

',,1;., ~~,'":'.:.J ~",'""I... i '; '. • •.t! "r f'O-:-' -J',beOl"~ llpluawa:
; (see'SeCtion b.4.6). i third report,

O'Andrea et aI. U986b) found statisticalJy sig-
meant differences in behavionl tests, which
win be reviewed in more detail later.

FDA researchers restrained New Zealand
white rabbits and exposed them at 2450 MHz.,
finding that exposed animals had a significant
reduction in red blood cell (RBC) counts,
food intllke, but not WlIter consumption. There
were no significant differences in WBC count,
ocular changes, and coat condition. The au­
thors conclude "that chronic low-Ievd exp0­

sure of rabbits to MW irradiation can cause
peripheral RBC changes and affect the dietary
habits of the animals" (Ferri and Hagan 1976).
However, this observation cannot be general­
ized because of the small size of the test
group.

Guy et al. (1980) also exposed New
Zealand white rabbits at 2450 MHz. Statisti­
cally significant reductions were found in al­
bumin, calcium, and eosinophils in the ex­
posed rabbits. No significant differences were
noted in the other 38 parameters- evaluated.
Guy notes that three significant outcomes out
of 41 measured end points is near that ex­
pected by chance at the 0.05 level. At thirty
days post exposure, no significant changes
were found in bloodborne end points; how­
ever, albumin levels in the exposed animals
had decreased, and globulin levels had in­
creased. Pathologic findings showed a signifi­
cant difference in the myeloid/erythroid ratio
in bone marrow samples from the sternum:
"The biologic importance of this finding is
questionable since the hematologic (erythro­
cyte and leulrocyte counrs) parameters did not
differ between treated and control rabbits"
(Guy et al. 1980; McRee et at. 1980). These
results are not generalizable because of the
small number of animals used in the study.

Djordjevic, Lazarevic, and Djokovic
(1977) exposed rats using a gang exposure
technique that introduces some uncertainty
into the SAR estimate. There were no differ­
ences observed in body weight, rectal tem­
perature, hematocrit, mean cell volume,

'FAtimated Wed OIl Dwmy, Musoudi, UId bIrander 1986.
IAn estimated WBA-SAR - 1.3 Wfkg wou1d _ if the mapctie-lield_r is parallel with the animal's length,
although this estimate may be IOIIJeWhat iJw:ICunDa due IX) the~ enviromnent within the wawpide.
mIis estimate derives some support &om the finding that < t W was absorbed by the 12 mice. Assuming
20 g/lIJINIIe suggesu a SAR of about 2 W/kg.
'Who1c-body avenge (WBA).;' , " " ,,' i' i
~For the pUJII> SARa decreased with increasing body mass, &om around 3 Wjkg between post-putum days 1-10;
to around 25 W/Irg between da)'331 to So. SARa weft atimated at around 2 W/kg for the dams. '
'WBA-SARs varied with animallllUf u the IIIimaII matured. ' • •
CW, COOtinUOUl wave; EMP, electromagnetic pulse; NR, not reported.

'J
~~':'''' '·ll-,;,~·'t~"JI'Jieq r:y ,il'

• I h~\" 1 ~df ' ':1'
" " (MIh)ott"~"i ' (W; I ••

" ~
Rats 100 :2.96 to ! 22 x 240 No ~,

, , (maIc CW 2.SSl 42 x 240 differences etaL 1981
;\ pups) 97 x 240 inmostI ,

I' measures;
I

1,1 sigDificmt
I': lnDIient!l i

:1 1 \

dift"aeDc:es
~ " ' observed

iii!
Ram 2450 0.15 to 0.4' 0.48 7S0x 1260 Elewted; GuyetaL

(male) Pulsed (25 mo.) ..treDal 1985
, , • , t~'A JPaa;

I' ,390X1260 ~
i! inimmuDe
,I ,} ee.vupete"CC;I'
1\ no cIifIereDces
II
II in D\UIJIlRlUS '

Ii"
1.1.\ .'\'\ • ~ • 'j end poinis ; I'

,
Ram 2450 0.1 Sto 0.4<" 0.48 180x126O Cbanpin Chouet~.

(male) CW 360 X1260 progWtDl" 1985
-' ,

......~.,-'..... )..,. ',.... ; ,~ .; " blood ce1Is

Ram , t35... , , 0.3 to 0.35'" 1 180x iho Dopamine Toie(l.,I("
(male) Pulsed Jewels etaL 1988

reduced;
, other

hematologic

,;"
perameten not
different

Dogs, 24.000 NR 24 440 X400 Reduced IJeich,mann
(female> Pulsed 360 x 990 weight gain; er al. 1963

differences
11,. ,. in cholesterol

Mice 2450 20r 3 or ~ S72x6O HighSAR Liddle,
(female) CW 6.8 10 group had Puawu.

significantly andHuey
shorter life 1994
span
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Fu, r.., SO tW;%.J) Dandma ,
$pec:ieI' , (MI&) , (W~ (dxllliD) EBeccs ~

RablJilS (FF') 168CW 8.1 ± 1.2 60 IOx20 No ocular Copa
38SCW W 30 10x90 effects; etal.
385CW 48' 60 lOx IS death in 1958

WBA SOIJle cases

Rabbits (NF) 5500CW J25 to 47 1x I.S Cataract Birenbllum
5ZS· threshold 1969a

5500 J25to 78.5' 1x 125 Birenbaum
Pulsed SIlO· 1969b
800CW 500· 78.5' 1x25 Cawae:ts

CoRNEA AND IRIS

Monkeys (FF) 9310 NR ISO 30 or 40 No McAfee
Puked X CStanc:lS eta!.

294 or 665 orcomeal 1979
lesions

Rabbit(FF) 2450CW NR 225 1X 10 No effects WdQIIII
2860 uptD oa.-mal and Finch
Pulsed 25x30 comeasoc 1974

halinJof
.ounded~

Mouse 34,000 NR 0.02 lOx 1020 No effects Rotkovsb
CW found by etal.

Jiahtand 1993
electron
microscopy;
DNA synthesis
decreased

Monkey 2450CW IJ 5 44x 240 No effects Kues
on come.; etal

2.6 10 IOx240 no effects; 1985
2.6 10 56x240 minor changts;
5.2 20 18x240 no effectsi
5.2 20 22x240 minor changes;
7.8 30 Sx240 moderate dunp;
7,8 30 8x240 moderate change;

2450 1.3 5 5x240 noelJecrs
Puked oncomea;

2.6 10 4x240 minor to
major changes;

3.9 15 Ix240 minor to
major changes

i~:

, I

3.3.2 Ocular Effects

Effeccs have been demonstrated on the cornea,
iris vasculature, lens, and retina. The resules of

~, .
RUi.-Frtf,""" ."JELF EJtaro-lpttit &"Jill64

also indicated a significant cIift'uence in~, caDdy Jonpr.ur...-~ COft~1s~
Iation of spleen Jymphocyta to IeIec:t, JDito. Puuwn, IDdHlief (994). ,.. I :

JeI!I <tubscaDCCS tbaudmulate~ to' , l\ll'lai 1lIIIIpIIU)\,~,e&c:tIrJu..dlecD
~ No data 1NIe aftiJal8;at 25,' _1Il'_cU......... nhhiu, IIId clop;..
IDOIltha due to &ilure of the·~~. JlOIIed to·~ ~een SO MHz iod 2.4 GHz;
lureS to grow<Kunz eui 1983).H~ with 2450 MHz beiag predominant., SUs
parameters were not reliably affei:ted. There ran8ed from O.1S W/kr to .round 50 W/kg.
were no differences in serum chemistry, thy- and durations were from 40 days up to 25
roxine, body weight, food, water and oxygen montht. Many studies used small groups of
consumption, and COl production. Organ animals, therdly limiting the utility of the
mass was not different for animals sacrificed at resules (Deichmann et al. 1963; Ferri and
13 months, but it was signi6candy elevated for Hagan 1977; Guy et aI. 1980; McRee et aI.
the adrenal gland for 10 exposed animals at 25 1980). MOlt studies used one sex of a single
months. The added mass was associated with species, exposed at one dose rate. The most
adrenal tumors. This finding is reviewed in consistent results are effeccs on the
Section 3.3.9.1. hematopoietic and inunune systemS at ezpo-

In a follow-up investigation, 2 PUP' of sure levels (SARa - 0.15-0.4, 1.5, 2.2 W/kg)
20 male raes each were exposed as shown in that do not produce measurable signs ofstreSS.

Table 3-2 (Guy et al. 1985). The resules did Generally, however, the effects were not ab-
not replicate those of the earlier study for served on the same end point and were not
plasma corrticosterone, increases in splenic T reproducible. For example, in studies that ex-
and B cells, and stimulation of spleen Iympho- posed rabbies at the same frequency and simi-
eytes to specific mitogens. An effect found in Iar SARs, Ferri and Hagan (1977) found dif.
both 6- and 12-month evaluations was an in- ferences in RBC count, while Guy et al. (1980)
crease in the number of marrow hcmatopoi- found a nonsignificant reduction in WBC
eric progenitor cells. The researchers con- count and a sipificant, reversible reduction in
elude, "The experiments reported here eosinophils, but DO differences in RBC count.
demonstrate alterations in the hematopoietic A stimulatory effect on the immune system
and immunologic systems of rats after long- was seen at 13 months into a stUdy, but not It
tenn exposure (6 and 12 mo) to very low 25 months (Guy et al. 1985). The 13-month
levels of RFR (SAR, 0.15-0.4 WI leg; effect was not replicated in a separate study,
.48 mW/cm2)" (Chou et al. 1985). although an effect on hematopoietic cells was

A study at Georgia Tech examined the observed (Chou et al. /985). Dumanski; and
effects of pulsed RF (PRF -1 kHz., width - Sandala (1974) found effects on levels of
1 p.s) on 100 Sprague-Dawley rats (100 con- cholinesterase, sulfhydry/s. and 17-ketosteroid
O"ols), to simulate exposure of human beings varied. but this was not independently repli-
to 50 MH:r.. No differences were found in a cated (D'Andrea et al. 1986a, 1986b),
large number of bloodbome end points. Lev- The possible reasons for these discrepan-
els of the neurotransmitter, dopamine, were des may be due to methodologic differences,
lower in the exposed group than in the control sampling errors, or artifacts. As has been
pup. According to the researchers, "Though pointed out, it is possible that some biologic
significant, this small decrease might not. be differences between groups of animals may be
physiologically important" (Bonasera, Toler, expected due to chance in studies that 1001:: at
and Popovic 1988; Toler et al. 1988). a large number of end poines (McRee et a1.

EPA researchers studied the effect of 1980).
Iong--renn exposure (2450 MH:r. and either 2
or 6.8 W/kg) on the life span of CDl mice.
In comparison to sham controls the high ex­
posure group had a stlltistically significant
shoner average life span, 572 days ver5Wl 706
days. The low SAR group had a non-signi6-
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Speda (MIb) (WfkI) . &aW/cmJ ) :,."(dxmlD) ,."E8"ec:ta ,. ill',~

Mooby 2450 2.65 ! 10 3x 240 Duuapto XuesaDll

PuIscd comeaI D'Anna
endoa:be1ium; 1987
increased
iris nscuIar
permeability

Rabbit 35,000 JJ 23.4 1xiS SingIe-ceU T revithiclt

PuIscd (avg.) destrUCtion etll.
in cornea; 1987

109, SSO, 78, I xIS incrusing

3276 390,2340 comeaI
efrecu

LENs

Rabbits 2450CW 60 to BOto IXS Catanct Carpenter

(NF) 200' 400 to threshold and Van, .

Ix60 UIIIIDCIIal
1968

24S0CW 140' 280 4x4 Opacities
IX5 observed;

60~ 120 Sx25 cumulative
3xJO effects from

40' 80 10x60 subthreshold
1Sx60 doses;

20' 40 1Sx60 no cataracts

Rabbil:S 2450CW 138 150 I x 100 Cataract Guy

(NF) 184 200 I x20 threshold et al.

460 500 I x 5 1975b

Local
muimum

Rabbil:S 3000 14:WBA 100 I x 15 No cataracts; Appleton,

Pulsed 28 200 or acute as Hincb,and

42 300 1xlO iritis; death at Brown

56 400 30 min +300 1975

70 500 mW/cm2 and at
SOOmWjcm2

Rabbil:S 2450CW 1S.3 NR IxlO Cataract Foster,

(NF) incidence in Ferri, and
50% ofeyes; Hagan
threshold 1986
estimated

"Estimate from Elder and CahiIl (1984).
~Estimate for 2-g eye.
'Estimated whole-body SAR from Durney, Massoudi, and Isbnder 1986.
•Estimate for 2-an diameter area for 2-s eye,
,In vitro aperiment.
(FF), far-field conditions; (NFl, near-field conditions; CW, continuous wave; WBA, whole-body average; NR, not
reponed.

A-.p
I ." , ......

I,;

~
MIl ~ DIIndoa

Speda (WfIrI) &aW/cmJ ) (cIxmiD) Elkcu Ilc:fereDce(s)

Rabbits 3000CW 14,28" 100, I x 15 No ocular Appleton
(FF) 200 or changes 19741

1x30

Rabbil:S 2450CW 1.5" 10 5x 480 No cataracl:S Ferri and
(FF) 8 to 17 Hagan

weeks 1977

Rabbil:S 2450CW 17 10 180x 1380 No ocular Guy
(FF) (muimum effects et 11.

WBA) 1980

Rat 91S 120 NR I x 0.5 Holes in lens Stewart-
lenses' Pulsed (37°C) ceUs; large DeHaan

400 NR globules etll.
(J9"C) indicative of 1983
1200 NR much higher
mOC) temperature

elevation

Rat 1250CW 9,2 NR IX6, Damage Bassen
lenses' 1250 1.9 NR 20,60 threshold et al.

Pulsed estimated 1987

Rat 918 20,40 NR lx6 Lens fiber SteWart-
lenses' Pulsed 10 NR Ix60 effeet:s DeHaan

et aL
1985

Dogs 24,000 Pulsed NR 24 600 x 990 No ocular Michaelson,
1285 Pulsed 1,2.5. 20,50 I x360 effects Howland,

5' 100 IOx36O and
20x360 Deichmann

1971

Rabbil:S 2450CW 460" 295 I xlO Cataracts Hagan and
(NF) 10,OOOCW 590· 375 1xlO 50% of Carpenter

2450CW 510· 325 1 x30 eyes; 1976
10,OOOCW 64(). 410 I x30 cataraet:s

in 111 eyes
exposed

67•Bi%giaIJ FIfim ~RJUIio-Frrfl'ftC]F~

T.... J-J. (Continued)

• ,'" <I

.-;...P"'f"""1 - ELFBh~JfUIUBtl"""'66

Ii]
.1
:!

1:.1
\1

i

1:
i l



..

68

J.1.2.1 fAn"tJ
McAfee et al. (1979) trained monkeys to

face into a hom antenna and press a lever to
receive apple juice through a tube. Pressing
the lever activated pulsed 9.3-GHz mi­
crowaves. No corneal lesions wete observed
with slit-lamp biomicroscopy. No dosimetry
was reported. Williams and Finch (1974)
exposed rabbits to 2.86-GHz pulsed and
2.45-GHz CW microwaves at power densities
of 225 mW/emz, and exposure .:IUI'lItions of
10-30 min/d for up to 5 weelcs. No effects
were deteCted in DOrmal or wounded tissues
by either histologic evaluation or autoradiog.­
raphy. Rotkovska et aI. (1993) found no
corneal damage in hairless mice exposed at
34 GHz and 20 ,.,.W/anz. DNA synthesis in
corneal cells was nonsignificandy reduced in !

the exposed animals.
Effects on the corneal endothelium were

seen in studies at Johns Hopkins University
(Kues et al. 1985; Kues and D'Anna 1987). In

Michaelson 1972a; Cleary 1980; Elder aad
CIhill 1984). The following is a summary of
the published information.

Rabbits, monkeys, and clop were CIpCl8ed
at frequencies between 385 MHz and 70 GHz.
Bach CW and pulsed fields were used, and
animals were located both in the near and far
fields. No catal'lletS were found when unre­
strained animals received far-field exposures
(Michaelson, Howland, and Deichmann 197I),
even when the exposures were nearly lethal
(Appleton, Hirsch, and Brown 1975). The
most effective frequencies were 1 to 10 Glb,
and acute thresholds for catal'llct formation
have been established (Carpenter and Van
Ummersen 1968; Guy et al. 1975b). For a
single exposure, a ISO mW/anz, 100-minure
exposure threshold was established. (Guy et aI.
1975b). Figure 3-2 shows the threshold curve
for maximal SAR and exposure duntion. No
cataracts were seen at 200 mW/anz for 30
minutes (Appleton, Hirsch, and B!OWIl 1975).
Foster, Ferri, and Hagan (1986) reported the
dose rate effectiye in producing a sn inci­
dence of cataraeCS in rabbits as 1S.3 W/kg to
the animal's head. In other studies, SARs wr­
ied between 100 to SOO W/kg in the eye and
1.5 to 70 W/kg fot' the whole body. A latJmc:y
period of 24 to 18 hours was oI.erved. At
least one study fOund eumw.tWe eHecas &om
subthreshold ezpoture5 (Carpenter and Van
Ummersen 1968). alL~ough another re­
searcher did not rome to this conclusion
(Appleton (9741). Chronic exposures have
not produced cataracts in test animals
(Deichmann et al. 1963; Ferri and Hagan
1977; Guy et al. 1980). Age of the test animal
does not appear to be an important factor in
MW-induced cataracts (Van Ununersen and
Cogan 1965). Absorption and heating patterns
seem dependent upon facial characteristics and
wavelength. Clearly, temperatUre elevation can
produce a thennal cataract (Kramar, Harris,
and Guy 1987; Emery et al. 1975; Guy et al.
1975b), but some characteristics of microwave
exposure may also produce cataracts, although
this requires further definition (Carpenter and
Van Umrnersen 1968; Stewart-DeHaan et al.
1983; Bassen et al. 1987). Some reports sug­
gest that it is more liJeely to observe MW-

69Il-.pM PJfrm tfRMJ».~FkItlr

tion abowed cell damaae; c:ntediJre spoa, and
ClClIpIaaioo. Damage ... noted at abe lowest
timHvenpd,SAR, 3J ,.W/k& &om • IS·
minute aposure at.'~ power
~ of 23 mW/anz <Trevithidt et aI.
i987).

3.J.2.2 Iris

In an extension of their work with the
endothelium, Johns Hopkins researchers eval­
uated the iris of cynomolgus and rhesus mon­
keys. Animals were exposed to 2.45 GHz,
pulsed emissions with a local SAR of approxi­
mately 2.65 W/kg. The results showed in­
creased iris permeability (blood-aqueous blIr­
rier) to a tracer molecule, and endothelial
lesions. A correlation was found between in­
creased iris permeability and subsequent de­
velopment and severity of effects on the
endothelium (Kues and D'Anna (987). Pre­
treatment with two druga used in the treat­
ment of glaucoma, timoIoi maleate and pil0­
carpine, enhanced the efJec:ts (Kues and
Monahan 1992; Kues et aI. 1992).

3.J.2.3 U:as

The lens appears to be at high risk of
microwave-induced damage due to its avascu­
lar nature. The initial works evaluating the
potential for lenticular chanBes were pub­
lished in the late 19405 (Daily et al. 1948;
Richardson, Duane, and Hines \948). Since
that time, both in vivo (Daily et al. 1948;
Richardson, Duane, and Hines 1948; Williams
et at. 1955; Cogan et al. 1958; Carpenter and
Van Ununersen 1968; Birenbaum et al. 19691,
1969b; Carpenter 1975; Guy et al. 1975b.
1980; Hagan and Carpenter 1976; Emery
et al. 1975; Ferri and Hagan 1977; Hirsch et
al. 1977; McAfee et at. 1979; Foster, Ferri,
and Hapn 1986; Kramar, Harris, and Guy
1987) and in vitro studies have been per­
formed (Stewart-DeHaan et al. 1983, 1985;
Steel and Sheppard 1986; Bassen et al. (987).
~ews ofMW cataractogenesis are available
(Scth and Michaelson 1965; Milroy and
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selettecIltUdies are compiled in Table 3-3., die. CIldothe!W layer. is ,,1AIpOIlld of
,... lOr stUdies oEthe _ ~ofl~-:"'::fiNk.' ~JlOtI........~~ .dJecast:e been eatlblifbed in ....~ "bt;~,iIIco, the~ !I .l.~.
and in ooe Jabontory and. hence, c:annot ...... madcI.'IThe saudy ..... at JoW
viewed IS c:ondusive. . lIoP1r:i- used~ IDIlGbys, • apecies'

As a lint approximation. the Penetration in wbic:h abe endolbetial c:eIIs do DOt reper-
depth of RF I'lIdiation varies inversely with ate. Ocular-region SARs were estimated to be
mquenc::y. For ocular tissues, this was demon- 1.3 to 7.8 W/kg. Examinations included spec-
strated at 70 GHz (Birenbaum et al. 1969a) uIar micros<:opy, histologic sWning, and
and at ,35 and 107 GHz (Rosenthal et at. ttapsmjscion electron microscopy. The results
1976). At 70 GHz, effects were greatest at the showed insignificant temperamre rise, cellular
cornea, with diminishing cHeers to deeper 00- lesions and c:elI death, and areaa of enlarged
ular sttUCt1JI'CS such as the conjune:tm, iris, cella and areas /Ding c:dJs. A ,latency period
and lens. As abe wavelength Iensfheas, the of 16 hours or more was found before effec:as
penetration depth increases so that the lens were obeerved; 72 to 96 hours after exposure
becomes the critical ocular stnICtUrC at fro. the appeanne:e of the endothelium was~
quencies < 10 GHz. At frequencits ltss than mal, but the raean:heas report "large c:elIs in
around 800 MHz, ocular structures have DOt areas of previous microwave cIamase suggest-
been implicated as being at primary risk. Nu- ing a loss of cella" (Kues et al. 1985). Pulsed
mericaI calculations using a 45,024-cell model MW produced abnormalities at lower-power
indicate that the highest part-body SARs aheM: densities than CW exposures, but~
200 MHz are for the eyes and that the SAR nant effects were seen at the 30 mW/cai
increases at frequencies greater than 350 MHz level. Kues et al. (1992) report that pretreat-
because of "the superficial nature of EM de- ment with two ophthalmic drugs, timoIoI
position at higher frequencies" (Gandhi et al. maleate and pilocarpine, enhanced effects on
1992). the c:omea1 endothelium. •

Typic:aUy, SARs were not estimated in
stUdies pertOnned prior to about 1980, so
SARs were not reported in two of the studies
referenced above (McAfee et aI. 1979;
Williams and Finch 1974). Also, exposure du­
I'lItions were controlled by the animals in the
operant response experiment using apple juice
where total exposure time varied from 294 to
665 minutes (McAfee et al. 1979). The expo­
sure dUl'lltions in the other studies are not
comparable. Average power densities ranged
from 5 to 225 mW/anz. Hence, it is difficult
to detennine why corneal damage was 0b­
served at lower dose rates in one study (Kues
et al. 1985) than in the othen. It is possible
that the differences in results may be at­
tributable to methodologic differences, i.e.,
species selection and examinations.

The corneal epithelial tissues of New
Zealand whi~ rabbits were exposed to CW
and pulsed, 3S-GHz MW. Peak power den­
sity was 15 JeW/eml , and time-averaged
wlues are shown in Table 3-3. SARs were
1.4 W/Icg/mW/emz. Microscopic uamina-
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Exposure Duration (min)

Fspre 3-2. Cataraetogenic .threshold for the rabbit eye for near-field
exposures at 2450 MHz. AItu Guy et aI. (I975b).

It frequenc:ies between 2.4 and 170 MHz.
With the head within the coilmd pulse widths
&om about 3 p.s to 100 p.s, the tbreshold
eneI'IY .. 16±4 1I\l/pu)se. H the coil was
located at the ear, duahold eneIIY as low as 3
II\l produced the sensation in human volun­
teers (Roschmann 1991).

The effects manifest as audible clicking,
hissing, buzzing, chirping, and popping sounds
that seem to originate from behind or within
the head, The mechanism is believed to be
thermoelastic expansion within the head. The
ensuing pressure wave "is detected by the hair
cells in the cochlea via bone conduction"
(Elder and Cahill 1984). The auditory phe­
nomenon has not been shown to be adverse,
although Lin (1989) cautions that the ques­
tion of health risk from exposure to RF pulses
at power levels weU above threshold has not
been answered.

Effects studied include influences on the brain
and behavior, calcium efflux from brain tis­
sues, changes in the permeability of the
blood-brain barrier, electroencephalographic
changes, brain energy metabolism, interaction
with psychoactive drugs, and effects on neuro­
transmitters. Neuroendocrine effects wiU be
addressed separately. The results of some
studies are compiled in Table 3-4.

3.3.4 Nervous System
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J.1.4.1 Brain

No differences were found in the temper­
ature in various sections of the brain in anes­
thetized rats exposed to either microwaves or
elevated ambient temperatures, SAR measure­
ments indicated that energy absorption was
lowest in the cortex and highest in the olfac­
tory lobes. In a second study, the temperature
rise in the cortex was more rapid initially with
exposure to MW energy, but within 5 min­
utes, all differences had disappeared. No hot
spots were observed (Ward et ai. 1986).

Baranski found lesions in the brain and
cerebellum and glial ceU proliferation. These
effects were found for both CW and pulsed
exposures, but pulse-induced effects were more

if',

J.J.2.4 lletifM

i ,1eponI have been published claiming
~ dIaNe in nbbits aDd primates. Rah­
Im receiftd, far-field eqJOSlIl'a to the npt
side of the head at 3.1-GHz pulsed MW and
an average power density of 55 to 57
mW/an2• No cataracts were observed. In five
animals examined for retinal histology by elec­
tron microscopy, all exhibited some level of
change in retinal plexiform layers (Paulsson
et aI. 1979). Restrained, unanesthetized pri­
mates were exposed to pulsed microwaves
(1.25 GHz, width - 0.5 p.s, PRF - 16 Hz, 1
megawatt peak power) at 4 W/kg for nine
4-hour treatments. Changes in photoreceptor
responses were reported when pretest and
posttest values were compared. Histopathol­
OS>" indicated "deperative changes" of the
photoreceptors (Kues and Monahan 1992).

I

3.3.3 Auditory Phenomenon

The auditory phenomenon, or microwave
hearing, has been established in both humans
(Frey 1961; Sommer md von Gierke 1964)
md laboratory animals (Chou, Guy, and
Galambos 1982; Chou, Yee, and Guy 1985).
Literature reviews are available (Lin 1980;
Chou, Guy, and Galambos 1982; Elder and
CahiU 1984). Justesen (1975) has written an
interesting treatise that discusses the auditory
phenomenon and includes unpublished refer­
ences to human communication via telegraphy
and voice-modulated MW.

The frequency range that stimulates the
response is around 200 MHz to 8 GHz. The
ezposures are pulsed at a PRY between 0.5
and 1000 Hz, with pulse widths between I
and 1000 seconds. Exposures to CW fields do
not produce auditory effects. Whole-body val­
ues of specific absorption in rats were 0.9 to
1.811\J/kg/pulse (Chou, Yee, and Guy 1985).
The threshold for audibility in humans at
2450 MHz is around 400 l1'\J/m2 when the
pulse is less than 30 p.s (Guy et al. 1975a; Lin
1989).

More recent work has eumined the audi­
tory response to pulsed RF generated by coils
used in magnetic resonance imaging systems,
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effects and the measured temperatures led the
authors to conclude that the effects were due
to microwave exposure and not increased tem­
perature (SteWart-DeHaan et al. 1983). Exam­
ination by scanning electron microscopy found
effects on lens fiber cells after 6-minute expo­
sures at local SARs of 20 and 40 W/kg and
after a I-hour exposure at 10 W/kg. Time­
dose rate reciprocity was suggested (Stewart­
DeHaan et aI. 1985). Pulsed MW exposure
induced cataracts at lower dose rates than cw
exposures in one in vitro study. Bassen and
colleagues (1987) report lens damage with
pulsed radiation at a time-averaged, lenticular
SAR of 1.9 W/kg, versus 9.2 W/kg for CW
exposure.

...-._--~- ...- ..._----

r:::/VC
Dear neld

Jc ; i I. , .
w.-Pr'ffUf19 _ ELP EketroMllp,tic BrtIFJiu

.0

I '''.I' 'li·iE.,;!
,', I.,. ;'.)>>tlii1 :~ir,
:.::. ::1'1).1 ,."

,~ ~

20

I

\
\ .......-.-...

o

200

100

"'h"t
500

~ \
:: 300
•c::
II)

a

'"II)
~
~

o

"1;"
,800

,r._ ;1
j

-C\I~
....... ~

~.....,

,\

70

induced cataracts on the posterior capsule of
the lens (Guy et ai. 1975b; Zaret 1972), al­
though this is not a consensus opinion
(Tengroth 1983; Silverman 1985). Seth and
Michaelson (1965) have suggested that the
appearance of some small, microwave-induced
lenticular opacifications may be a reversible
phenomenon.

In vitro studies with rat lenses show phys­
ical damage including smau holes, foam, large
globules, and capsular damage. Local SARs
were determined (Table 3-3), and lenticular
temperature was carefully controUed by a cir­
culating buffer solution. Ax a given tempera­
ture, the amount of damage was roughly pr0­
portional to the SAR. An evaluation of the
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Speda fMiI:V! SAIl o-itJ' i o.ndaa
(W/Ilr) 6aW/_J ) (jiX.w,,,,- ;'-

Rd 2450 0. 2, 4, 6 0.:10.. 1?<~ ,V....
20. 30 ,.."

t l ~

I
bybninarea

2450 6 30 Ix30 Initial

! difterence
in IelllpCratw'e rise
in COl'ttI

Rabbiu 3000 0.4' 3.S 9Oxl80 Brain Bannski
ew and pulsed lesions and 1972

Guinea 3000 0.5' 5 9Oxl80 gIialcdl
piss ew and pulsed proliferation

Rats 3000 1.0· S 10d Neurons Servantie,
Pulsed syndurmized Serwntie. mel

!i
toPRF EticnncI975

II Rabbit 2400 7.2·" 40 Ixl Changed Chizbcnluwa

" neuronal 1988
I discharp
,!I; frequcocy

Rabbiu 2950 1.0· 5 9Ox120 a-psto Bannskimel
I" Pulsed 120x 120 EEG F.deJwejn1

:11 1975
1-6· S to 30 Ix120 Slighte~

at30mW/cm'

'.Ii
I Monkeys 388 NR NR Ix3 Arousal, Baldwin,

or drowsiness, Bach,and
I X 15 convuhions, Lewis 1960

EEGchangcs

Cats 147 0.015" <I Various Changes in Bawin,
AM EEG Gavalas-

Il;I!1
Medici, and
Adey 1973

Pill Rabbits 1375 0.001· 0.01 NR Alpha rhythm Shandala..ljl I

1" J
±50CW intensilicd; RudneY.andP'I

I': ' deprcssioD Los 1981
':1 't 0.09· 5 NR ofbioelectricI' I
jll!' activity
;I!',' I'
1/ li Monkeys 2450 0.0034, NR 295x110 No Kaplan

d Pulsed 0.34,3.4 to difkreuccs et al. 1982
33Sx21~ inEEG

! il~ Hamsten 1700 3.0' I Ix30 Altered Albert 1977I: ' or neurons

I Ix120
I 1700 7.5· 2.5 I X30
i

"
or

Tallie J..... CCooIiuued)

A...........
~

SAIl o-itJ ~
Speda CWtt.) 6aW/_J) Wx-W Eft"eds ~

<:IIicbn' 147 0.002' I IX20 Inaated llawin,
AM: 0.5 Ca+z e8lux ~me1

to3SHz at specific Adey 1975
AM &cqucncies

Chicken" 147 0.0014' 0.5-2 I x20 Increased Bladanan
AM: 3 Ca+ l efflux et al. 1979

to 30Hz

Ncuw- 9lS 0.05.0.75 NR Ix30 Increased Dum et at.
blastoma AM: 1.0 Ca+ I emux 1984
cells' 16Hz

Neuw- 147 0.05,0.005 NR I x30 Increased Dum et al.
blastoma AM: Ca+' emux 1989

cells' 16Hz

Rat' 1000 0.29, 1,10 I x20 No Metritt,
Pulsed 2.9 significant Shdtoll, and

PRF-16Hz differences Clwnness
in efflux 1982

2450 0.3 I t x20 No sipifieant
Pulsed dise-in

Ca+1efllus

Rat 2060 0.12,0.24 0.5, I, Ix20 No Merritt,
ew and pulsed 1.2,2.4 5.10 sipificuat Sbel-.and

PRF-8, differences Cbamncss
16. and 32 Hz in efIlux 1981

Cats 450 0.29 3 I x60 Increased Adey, B.wift,
AM: 16Hz Ca +2 efflux and Lawrence

1982

RalS 1300 0.01 to 0.03 I x20 Increased Oscar and
(male) CWand 0.4· to 2 penneabilit)· Hawkins 1977

pulsed tom2nnitol
and inulin

Rats 2450 0.02 to 0.1 to I x30 No Preston,
6· 30 di fferences VavastJur, and

in rrwJ:\itol Auenheim
permeability 1979

Rau 2450 0.04 to OJ to I x20 No Lio.nd
200 2600 differences Lin 1982

in Evans blue
perrneability;

2450 240 3000 Ix20 Increued Lin and
permeability Lin 1982
to dye;
hyperthermia
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maIs. but this was not observed by the other
group. The authors note that the effects may
be spurious or due to methodoIogic differ>.
ences in biochemical techniques (Mitchell
et aI. 1989).
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J.1.4.2 ElectronJcepblllogrllm (BEG)

The effect of RF fields on the EEG have
been studied (Table 3-4). RF exposure syn­
chronized the cortical neurons in rats at
the PRF of the exposure field (Servantie,
Servantie, and Etienne 1975). Increases and
decreases in the neuronal discharge frequency
occurred in unanesthetized rabbits exposed for
1 minute at 2.4 GHz and 40 mW/em2

(Chizhenkova 1988). No effects on the EEG
were found from a single exposure to rabbits,
except at the highest power density,
30 mW/ em2

• Repeated exposures desynchro­
ni7.ed the EEG, and effects were more pro­
nounced with pulsed fields (Baranski and
Edelwejn 1975). Observations were made of
clinical signs in monkeys exposed to the 100­
W output of a 388-MHz transmitter. Whole­
body exposures produced no effects, while ex­
posure of just the head affected the EEG
(Baldwin, Bach, and Lewis 1960). Cats were
exposed to a 147-MHz carrier wave that was
amplitude modulated between I and 25 Hz,
with modulation percentage up to 90%. When
modulation frequencies were close to naturally
occurring frequencies, there was a higher inci­
dence of changes in the EEG (Bawin,
Cavalas-Medici, and Adey 1973). Shandala and

Biologit.J FJfias ofRAdio-FnlftmItJ Fi,1Js

inb:nSe (Baranski 1972). Albert and Desantis
(1976) fuund no effects on glial c:dIs in au­
0_ hamsters, but hypotbalamic: and IUbtbaJa.
mic neurons in die esposed animals had more
cytoIop: alterations than controls.

Studies of the effects of RF fields on brain
energy metabolism have been performed us­
ing three biochemicals as markers: nicoti­
namide adenine dinucleotide (NADH),
adenosine triphosphate (ATP), and creatine
phosphate (CP) (Sanders, Schaefer, and Joines
1980; Sanders and Joines 1984; Sanders,
Joines, and Allis 1984, 1985). The results are
summarized in Table 3-5. The 591-MHz field
was also amplitude .nodulated at several fre­
quencies between 4 and 32 Hz, and pulse­
modulated. The authors hypothesize that the
observed effects are not thermal and that RF
fields directly inhibit mitochondrial energy
production pathways (Sanders and Joines 1983;
Sanders and Joines 1984; Sanders, Joines, and
Allis 1985). However, the results were not
consistent across the three frequencies.

Western and Eastern researchers evalu­
ated behavioral, biochemical, and e1eetrophys­
iologic parameters in duplicate projects. Prior
to exposure, male rats were allowed to adapt
to environmental conditions, then exposed in
small groups for a single 7-hour period at
WBA-SARs of 2.7 W/kg (2450 MHz and
10 mW/em1), Biochemical measurements
from cerebral cortex samples included Na +,

K', Mg 1 +. and Cal + ATPase. and K+­
alkaline phosphat3.'iC. One group found a sta­
tistically significant depression in Na + and
K' -ATPase activity in the M\\'-e.posed ani-

Table 3-S. Results of SlUoies nn Brain Energy Metabolism in Rats

Frequency HeadSAR NADH
(MHz) (W/kg) Fluorescence· ATPl Cpl

200 0.02-1.84 Dose-dependent Decreased No change
increase

591 0.09-7.40 Dose-dependent Decreaseo Decreased
increase

2450 0.18-14.72 No change No change No change

'Measured with anesdtesized tats.
·Measured after sacrifice.
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TUlle 3-4. (Contmued)

AftIlIP.... i

FI'IllpIeIlC)' SAIl DeMky DandoD .~

Speda (MHz) (W/kg) <'W/anZ) (dxJaie) , EB'eeu ~

Rats 24S0 NR! 3000 I xiS Inc:reased Neilly and
permeability Lin 1986
to dye; inversely
related to
ethanol
concentration

Rats 3000 1· 4t06 10-15 d Reduced Servantie
Pulsed effect of etal. 1974

paralyzing
drugs

Mice 24S0 45 NR lx/wk Changes in Monahan
CW escape and Henton

avoidance 1979
behavior

Rabbits 2450 0.9,1.8. 5,10 NR Reduced Wangemann
CWand 2.7.9 25,50 sleeping and Cleary
pulsed times 1976

Rats 2450 0.6 I Ix4S Orientation- Lai eul.
Pulsed dependent 19843

differences
in recovery
from hypo-
thennia

Rats 2450 0.3 NR Ix45 Attenuation Hjeresen.
CW of ethanol- Ftancendese,

induced and
hypothermia O'Donnell
In rats 1989
exposed tn MW;
effect not seen
in rats treated
with neurotoxin

Rats 2800 1.9· 10 IxlO Decrease Ashani. Henry.
Pulsed in body and Catravas

temperature 1980

'Estimate &om Elder and Cahill (1984).
·Estimate based on Durney, Massoudi, and Ukander (1986).
'Whole-body average.
lThe number of exposure sessions are estimated from the range of gestational age and the assumption of a full
~r of esposure.
In vitro experiment.

PRF, Pulse repetition frequency; CWo continuOll5 wave; AM. amplilUde modulated; NR, not reported; EEG.
electroencephalogram.
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coIieagues rep<Jrted EEG c:bmps in nbbl~..
noced in ;f.ble 3-4 (ShandaJa, lbJdDcY, and
Los 1981). . ' , 1'1 it I'

Prepant squirrel monkeys wue esposed
to MW &om the second trimester to 12
montha after delivery. SARs in Tl!ble 3-4 are
for adult IllODkeys at PRF - 60 Hz. No differ­
ences were observed in maternal EEG, in&nt
ERG at 6 months, or in infant EEG at the
lowest dose rates at 9 and 12 months. High
infant mortality prevented researchers from
having sufficient animals to perfonn a mean­
ingful test at 9 and 12 months for the high­
dose-rate group (Kaplan et al. 1982).

Johnson and Guy (1972) have concluded
that it is possible that the use of metallic
electrodes and conductive leads (Michaelson
1982a) may have compromised the utility of
some of the early EEG studies. Modem exper­
iments use nonconductive materials such as
glass electrodes and polyvinyl-chloride leads
to minimize perturbations.

J.J.4.J 0IkiIIm F/JltIX
Calcium is an important ion in many b0d­

ily mechanisms (Case 1980). Doubly ionized
calcium (Ca+ 2 ) has been used as a marker of
the potential for RF-induced nervous system
effects, primarily in in vitro experiments. Typ­
ically, the experimental design involves extrac­
tion of brain tissue from neonatal chicles. The
brain is divided and placed in a physiologic
medium that contains radioactive calcium
('1SCa + I). Following a labeling period, the
tissues are rinsed and transferred to tubes
containing fresh physiologic medium, then ex­
posed to an amplitude-modulated RF carrier
wave. Typically, modulating signals are in the
ELF or sub-ELF bands. Aliquots of the physi­
ologic solution are collected after aposure
and assayed for radioactivity. 1£ the physio­
logic solution containing the RF-exposed brain
hemispheres contains more '1sCa, the conchr
sion is that there has been calcium efflux.

Studies of Ca +2 efflux have demonstrated
some remarkable findings, as reviewed in de­
tail in other publications (Adey 1980; Liddle
and BlacJanan 1984; Postow and Swicord

~;.; _~ . 1 ,

RMJ;..FI"IfIlltU.1 nil BLF Bltctr"_pt';C B_trptl

1986; NCRP 1986; Bladanan 1990). Fore­
IIIiIIIt IIIlCIDI tho 6Ddinp is, that the effects
occur. at; WI)' ... SAlts, betweea ')'(100$ and
2.9W/kg <Elder and CalUlI 1984). CaIciwn
dIIuz demonstrates specificity, 01' windowibg,
as a function of carrier frequency, modulating
signal &equency, power density, and tempera­
ture. This means that some exposures are
efleetive in producing the effect, while others
are not, and this does not appear to be dose
dependent. RF carrier frequencies that are
effec:tive include 50, 147, 450, and 915 MHz.
Modulating signal frequencies of 6, 9, II, 16,
20, or 32 Hz have been effective., while other
frequencies have not. For ezample, Bawin.
Kaczmarek, and Mey (1975) exposed brain
tissues to both a modulated and unmodulated
147-MHz carrier wave. Modulation depths
were between 80 and 90%. StatistiaJJy signifi.
cant differences between exposed and control
tissues were found at modulation frequencies
of 6,9, 11, 16, and 20 Hz. Ineffective frequen­
cies were 0.5, 3, 25, and 3S Hz, and the
unmodulated, 147-MHz carrier.

Bawin and Arley (1977) report an increase
in efflux at I mW/an2

, but no differences
when the intensity was doubled. They also
found a narrow amplitude window for ELF
E-field exposures between 10 and 100 V/m
(Arley and Bawin 1982). EPA researchers stud­
ied windowing effects as a function of power
density (Blackman et al. 1979). Brain tissues
were exposed to a 147-MHz carrier with a
modulation frequency of 16 Hz_ (Some studies
have shown that 16 Hz is the most effec­
tive AM frequency for producing Ca efflux.)
Power densities were 0.5, 0.75, 1, 1.5, and 2
mW/an2• A statistically significant increase
was observed at 0.75 rnW/ern2

• Nonsignifi­
cant increases were seen at 0.5 and 2
mW/an2, while decreases were found at other
inten.'lities. BlacJanan and colleagues (1989)
extended this work using a 50-MHz carrier,
modulated at 16 Hz. The SAR was 0.36
mW/kg/mW/ern2

, with the highest value es­
timated at 0.005 W/kg at a power density of
14.7 mW/an2• Enhanced efflux was found at
U5, 3.85, 5.57, 6.82. 7.65, 7.77, and 8.82
mW/an2

• No differences between sham and
exposed groups were seen at 0.75. 2.3,

~
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4.5, U5, 7.08, 8.19, 8.66, 10.6, and 14.7
mW/anz•

HumID neumbIastomI c:eUs were apoeed
at 915 MHz, with either· unmodulated 01'

modulated 06-Hz, modulation depch - 8O'Jt,)
fields. SARs for culture medium and cells were
0.01,0.05,0.075,0.1,0.5,0.75, 1.0, 1.5,2, or
5 W/kg. SARs for neuroblastoma cells were
not determined. For an unmodulated 915­
MHz carrier, efflux was significandy different
for SAR - 1.0 W/Itg but not for a SAR of
0.05 W/kg. The authors conclude that a nar­
row range of efleetive deposited powers exists,
and the effect does not appear to be thennal
in nature (Dutra et al. 1984). In an extension
ofthis work, Dutra and colleagues (1989) eva1­
uated efflux of avian, feline, Chinese hamster­
mouse, and human neuroblastoll1ll cells, with
findings similar to those described earlier.

Rat brain tissue was exposed to either l­
or 2.4S-GHz pulse-modulated MW, at a PRF
of 16 or 32 Hz. No difference was seen in
efflux ofea at any of the SARs (Table 3-4). In
one set of experiments brain tissue was reo
l110ftd and pI.cc:d in a radiocIcdYe solution fix­
a 20-minute labeling period as discussed ear­
lier (Shelton and Merritt 1981). In • second
stUdy, '1sea was introelueed into the brain tis­
sue via intJ'llventricular injection into intact
rats. The aniJJuJs were euthanized and the
brains immediately rel110ftd and placed in
physiologic solution prior to exposure
(Merritt, Shelton, and Chamness 1982). The
differences in experimental outcome between
these experiments and those reported earlier
may be attributed to methodologic differ­
ences. It is possible that the pulse-modulated
signal may not be biologically demodulated in
a manner similar to an AM wave, although the
intcrllction mechanism(s) are not well under­
stood (Shelton and Merritt 1980.

In 1985, EPA woRers suggested that the
earth's local geomagnetic field could be an
experimental variable in efflux research. This
conclusion developed from the observation of
differences in efflux in laboratories located in
North Carolina and Califomia. Experiments
at the EPA laboratory in NC had demon­
stJ'llted enhanced efflux, while in CA, Bawin
observed a reduced flux. EPA experiments used
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an electromapecic field, while linin used
just an E field (Bladanan et al. 1985). This
seemed to imply a poISible role tor the time­
vuying mapetic field, ao an experiment was
desiped to evaluate differences in the direc­
tion of ea mobility by exposing tissues to
either an electromagnetic (40 VIm and
S9.5 nn or an E field. (The E-field study
actually included a very weak magnetic flux
density, 15 pT, and a 4O-V/m E field.) The
experiment was perfonned within a Helmholtz
coil, so the local geomagnetic flux density
could be controlled. A significant difference in
the outcome was seen when an electric versus
an electromagnetic field was used. Windowing
was reported, but the modulation frequencies
that were not effective in producing efflux
could be made effective by changing the 8ux
density of the local geomagnetic field. C0n­
versely, effective frequencies could be ren­
dered ineffective, again by varying the local
geomapetic: field (Blackman et.1. 1985).

Further work showed that the thermal
history of the tissues during aperimental
pRparation0 and aposure is cridcalIy imp0r­
tant, demonstrating a "tempenblre window."
Hence, the use of an appropriate temperature
is "necessary to establish a c:amistent response
&om the brain-tissue preparation" (BlacIanan,
Benane, and House I99J).

Few in mo aperiments have been per­
fonned. Female cats were exposed as shown in
Table 3-4, at a modulation depth ofBS%. "By
comparison with controls, efflux curves from
field exposed mins were disrupced by waves
of increased 'IS Ca2 + efflux. These waves were
irregular in amplitude and duration, but lI1lIny
exhibited periods of 20-JO min" (Mey, Bawin,
and Lawrence 1982). In another in vivo exper­
iment, radioactive Ca + 2 was injeCted intraven­
trieularly into male rats 2 hours prior to 20­
minute exposure to either CW or pu\sed fields
at 2060 MHz. No significant differences were
found (Merritt, Shelton, and Chamness 1982).

The significance, and in some cases the
very existence, of C..a + 2 efflux as a biologic
effect has been disputed. This is because the
results are not robust and have not been con­
sistendy replicated. It should be apparent from
the previous review that efflux is highly de-
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pendent upon methodology. Indeed, cbe Jack
of replication may.be dueto~
differences, as poiIlbld .out· by Blec:kmfn,
Benane. and House (1991). Some. of cbe dO.
ferences include the length of the labeling
period. activity of the labeling sqlution, sam­
ple temperature, volume of the' physiologic
solution, type of modulation, and modulating
frequency. The viability of the tissues them­
selves has been questioned. One of the princi­
pal researchers has observed that the brain
tissues used in the studies are elecaically dead
but are still able to metabolize oxygen
(Blackman 1990).

This particu\ar effect also has another di­
mension: k has become the fulcrum in a de­
hate over therma\ and nonthennal etIects. This
debate has manifested a spectrum of ideas. At
one end are those who believe that 0bserva­
tion of calcium efflux is an artifact of poor
experimental technique. Opposing this are
those who believe that calcium-eBlWl: experi­
ments will help elucidate a better fundamental
understanding of the operation of the nervous
system. These differences will probably only
be reconciled by well-conceived, -designed,
and -implemented in vivo experiments. These
experiments must evaluate biologic end points
that are generally recognized as RF-induced
and have a testable hypothesis involving cal­
cium. One such possible avenue of research is
being undertaken where scientists are evaluat­
ing the effect of electromagnetic energy and
calcium, using calcium chelating agents. on
short-term behavior (Anderson 1990). Al­
though no definitive conclusions have been
reached at this writing, it is this type of experi­
ment that will help detennine if calcium efflWl:
is an interesting biologic novelty or the por­
tend of a potential hazard.

J.J.4.4 BJood-Brllin 1lmTier

Physiologically, this barrier is the inter­
face between the brain and the blood. The
barrier aCts like a filter to high-molecular­
weight substances, a fact that has been used in
studies of changes in permeability of the
blood-brain barrier (BBB).

~ to j ~.
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~., A:Gpimm ioaase in fIuorac:eaee of
bniIl MCtioos of rallllllescbetized with sodium
pentobarbital his been observed (Frey"FeId.
IIIId .Frey'•• 1975)., ,Albert (197J) obIened
boneradisb, peroxidase leabp in brain tissue
of both controls and ezposed Chinese ham­
Sten (2450 MHz, 10 mW/c:mZ). Albert lIIld
Kerns (1981) detected lesions at 2.5 W/Irg.
Animals that were exposed lIIld allowed a 2­
hour recovery period had no gross lesions,
demonstrating a reversibility of the effect.

Oscar lIIld Hawkins (1977) reported a sta­
tistically significant increase in permeability to
radio-labeled mannitol and inulin, but not to
denran. in rats that were anesthetized with
pentobarbital. However, Preston and cowork­
ers were unable to replicate this finding. In a
discussion of these differences, they sugar
that the obsel'Vlltions made by Oscar lIIld
Hawkins may be due to variations in blood
flow that were not accounted for in the experi­
mental methods (Preston, Vavasout, and
Assenheim 1979). Oscar et aI (1981) examined
this premise and stated that their findings
"must be re-evaluated in light of these ob­
served changes in blood flow."

It appean that BDB effects are associated
with local hyperthermia. Measurement of
brain temperature during exposure of the
heads of anesthetized rats at 2450 MHz
showed that permeability of the BBB to
horseradish peroxidase was effected by MW­
induced hyperthermia (Sutton and Carroll
1979). Extreme hyperthermia altered the BBB
in rats. No effects were seen when exposures
did not thermally stress the animals (Lin and
Lin 1982). Studies at 1.2 and 1.3 GHz indi­
cated that the rat brain must be made hyper­
thermic before changes in permeability were
observed (Merritt, Chamness, and Allen 1978).
Rats were administered ethanol to induce hy­
pothermia and exposed to intense, local MW.
BBB permeability was inversely related to
ethanol concentration, at a constant level of
MW irradiation (Neilly and Lin 1986).
Williams and cowork.en (1984) found that the
BBB was not compromised when whole-body
hyperthermia was produced in conscious, un­
restrained rats by exposure at either 2450 MHz
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or ambient heat of 42 ±2OC. They report that
"supprasioo of BBB permeability oc:aus, md
that this effect is mediated by tempenture­
dependent c:haDp. in endodaeliaI cell £uno.
tica, and not by qualities unique to microwave
eneJBY."

This brief review illustrates that mi­
crowave-induced changes in the permeability
of the BBB have not been consistendy ob­
served. Early studies indicated an increase in
barrier permeability (Frey, Feld, and Frey
1975; Oscar and Hawkins 1977; Albert 1977;
Albert and Kerns 1981). These studies were
not replicated by othen (Preston, Vavasour,
and Assenheim 1979; Gruenau et al. 1982),
which was generally attributed to method­
ologic differences (Justesen 1980; Segal and
Magin 1982, 1983; Frey 1983). In an analysis
of the literature, Williams et al. (1984) suggest
that methodologic limitations in some studies
are due to the lack. of methods to evaluate
effects both physiologically and morphologi­
cally. Furthermore, the design of some studies
included the use of anesthetics, which may
have an impact on the BBB. Later studies
found both enhanced permeability at high ex­
posure levels and suppressed permeability. At
present, it appean that change in BBB perme­
ability is a nonspedfic manifestation of ther­
mal stress.

J.J.4.5 InreractUm witb Psycboaaivr
Drugs

Although the potential for combined in­
teractions with psychoactive drugs was docu­
mented in the early 19605, most of the re­
search in this area has been perfonned since
1980. A list of compounds derived from se­
lected references is in Table 3-6 (ServlJntie
et aI. 1974: Lai et al. 1987; Frey and Wesler
1990).

Michaelson et al. (1961) reported on ex­
periments with dogs exposed at 2.8 GHz and
165 mW/cmz, finding that the "Thermal re­
sponse to microwaves is aggravated while un­
der the influence of chlorpromazine, mor­
phine sulfate, or pentobarbital sodium."
Baranski and Edelwejn (1968) described inter-
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T.we 3-6.~Drop and Compounds

i Bubiturates

Hembarbital
Phcooberbital
Pentobarbital

Drugs
Chlorpromazine
Chloral hydrate
Bemegride
d-amphetamine
Amorphine
Ethanol
Morphine
Naloxone
Chlordiazepoxide
Haloperidol
Curare-like drugs
Cholinergic drugs
Scopolamine
Physostigmine

action of 3-GHz, pulsed MW with various
drugs administered to rabbits, although the
use of metallic screw EEG connectors could
have affected the outcome (Elder and Cahill
1984). A single exposure at 20 mW/cm1 in
animals previously administered chlorproma­
zine did not prevent EEG desynchronization.
Longer exposures (3 hid, total of 70 to 80
hours) at 7 mW/cm1 enhanced the effect of
CNS-stimulating drugs. Servantie and col­
leagues (1974) observed that rats, exposed at 4
to 6 mW/cm1 to pulsed 3-GHz radiation,
were less susceptible to the paralyzing effeCts
of curare1ike drugs. SARs have been estimated
to be around I W/kg (Elder and Cahill 1984).

Wangemann and Cleary (1976) exposed
unrestrained rabbits and found that adminis­
tration ofsodium pentobarbital prior to irradi­
ation reduced sleeping times. There were no
significant differences when MW exposure
preceded administration of the stimulant. Lai
et al. (J984a) reduced the core body tempera­
ture by pentobarbital treatment, then exposed
the rats with their heads pointing toward (an-


